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ABSTRACT 
The objective o~ this investigation was two~old: 1) to 
determine the e~fect o~ the quench-to-arti~icial aging delay 
period on the ex~oliation corrosion of 7178 aluminum alloy 
subsequently aged at 250F ~or 24 hours and 2) to determine 
the e~fect o~ an initial aging treatment at 212F on the ten-
sile properties and exfoliation o~ 7178 aluminum subse-
quently aged at 250F. Testing was conducted on 0.125 inch 
thick sheet. Quench-to-aging delay periods o~ 0 to 28 days, 
and initial artificial aging treatments at 212F ~or 24 and 
48 hours were investigated. In addition, the e~~ect o~ over-
aging T6 material at 320F ~or 13 hours was determined. 
The results o~ this investigation indicated that, ~or 
7178 aluminum quenched sut~iciently rapid ~rom the solution 
treating temperature to prevent ex~oliation in the T6 temper: 
1) A quench-to-aging delay period o~ up to 28 days does 
not a~~ect ex~oliation characteristics when the alloy is sub-
sequently aged at 250F ~or 24 hours. 
2) averaging beyond the T6 condition can produce suscep-
tibility to ex~oliation corrosion. 
3) Underaging at 212F ~or 24 hours produces a high sus-
ceptibility to ex~oliation corrosion. However, an additional 
heat treatment at 250F ~or as short a period as 8 hours will 
impart resistance to ex~oliation. 
4) Initial aging treatments at 212F ~or either 24 or 48 
hours tend to reduce the maximum yield strength obtainable 
by a final heat treatment at 250F. 
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I. INTRODUCTION 
The aluminum alloy designated as ?1?8 is currently used 
in a variety of structural applications on aircraft. In its 
high strength temper, the alloy has had a history of being 
susceptible to exfoliation corrosion. Inasmuch as exfoli-
ation, like other forms of corrosion, is a wasteful and cost-
ly process, it is desirable that a method be found of improv-
ing the corrosion characteristics of 7178 aluminum alloy 
while maintaining the high strength-to-weight ratio associ-
ated with the alloy in its high strength temper. 
Heat treatment is the most important factor governing 
the corrosion characteristics and mechanical properties of 
aluminum alloys. The effect of quenching rate on the cor-
rosion behavior and strength of ?XXX series aluminum alloys 
has been well established. Delayed or slow quenching results 
in low strength and a high susceptibility to intergranular 
attack. Solution treating temperature and aging treatment 
are also important heat treating parameters. Heretofore, 
little, if any, consideration has been given to the effect 
ot another heat treating variable, namely the period of 
natural aging prior to artificial aging. The high strength 
temper (T6 temper) is developed in 7178 aluminum by aging at 
250F for 24 hours. It is conceivable that the size and dis-
tribution of precipitates after aging at 250F could be al-
tered by varying the quench-to-aging interim or by giving 
the alloy an initial aging treatment at 212F. 
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This investigation was undertaken to determine the 
erreot of the quench-to-artificial aging delay period on 
the exfoliation corrosion characteristics of 7178 aluminum 
alloy subsequently aged to the T6 temper, and to determine 
the effect of an initial aging treatment at 212F on the 
tensile and exfoliation corrosion properties of 7178 alum-
inum subsequently aged at 250F. 
II. HISTORICAL BACKGROUND 
Exfoliation corrosion is a lamellar type of attack 
which occurs along grain boundaries of aluminum alloy forms 
that have highly directional structures. Lifka and Sprowls 
(1) have described exfoliation corrosion as "• • .a partic-
ular form or corrosion resulting from a rapid lateral attack 
along a selective, electrochemical anodic path, parallel to 
the metal surface." The pressure exerted by the accumul-
ation of corrosion products in the grain boundaries paral-
lel to the surfaces of the alloy forms causes a leafing of 
particles and a resultant exfoliated or blistered appearance. 
Exfoliation corrosion of 7178 aluminum normally occurs 
in areas or forms where end grains are exposed in high 
density; however, a high density exposure of end grains is 
not necessary for its occurrence. Exfoliation corrosion has 
commonly occurred around countersinks in fastener panels on 
aircraft (2-4). Although the attack is visible 1n such oases 
and does not resu1t in catastrophic failure, it does nec-
essitate costly replacement of the panels. Especially con-
ducive to this type of attack is the environment aboard 
conventional aircraft carriers, where large emissions of 
sulfur dioxide in the stack gases act with the salt atmo-
sphere as a corrodent. 
Various preventive measures have been considered for 
the abatement or this type of corrosion. Saor1t1cial coat-
ings, such as cladding, can be effective in this respect, 
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but because these coatings have little load-carrying capa-
bility, they add undesired weight to the aircra~t. The 
overag1ng of 7178 aluminum can produce a decreased susoep-
t1b1lity to exfoliation. However, overaging may not always 
be effective, and inasmuch as it lowers the strength and 
strength-to-weight ratio of the alloy, it too results in a 
weight penalty. 
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III. LITERATURE SURVEY 
A. Mechanism of Precipitation 
The sequence ot precipitation in any aluminum alloy 
containing zinc and magnesium as the major alloying ele-
ments depends upon the quantity of these elements in the 
alloy; however, the general order of precipitation in 




where M is the equilibrium precipitate MgZn2 , T is the 
equilibrium precipitate Mg3zn3Al2 , and M' and T' are the 
respective transition precipitates (5). Hunsicker (5) has 
suggested that the presence of copper up to 1 percent in an 
aluminum-zinc-magnesium alloy does not alter the basic pre-
cipitation mechanism, and that the copper remains in rela-
tively uniform distribution during zone formation although 
it does participate in lator stages of precipitation. Kelly 
and Nicholson (6) stated that the addition of copper has 
little effect on the morpholog7 ot the M' precipitate but 
that it does decrease the rate of precipitation. Thomas and 
Nutting (7) ahowed that the precipitation sequence in an 
alloy containing 0.5 percent copper, 2.54 percent magnesium 
and 5.8 percent zinc was not different than that observed in 
a ternary aluminum alloy containing 2.47 percent magnesium 
and 7.4 percent zinc, but that the aging rate decreased, the 
G.P. zones were larger, the formation ot M' was delayed and 
the growth rate o~ M' was increased. Polmear and scott-
Young (8) have indicated that the addition ot more than 1 
percent copper results in alteration of the formation ot the 
G.P. zones and makes the zones stable over a greater temper-
ature range. Lattice detects such as dislocations and 
vacancies act as nucleation sites for precipitation and thus 
are instrumental in determining the dispersion of precipi-
tates (9-12). 
B. Mechanism of Exfoliation 
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Three prerequisites are required tor exfoliation; these 
are a preferential anodic corrosion path, a markedly direc-
tional grain structure, and a suitable corrosive environment 
(1). 
The mechanism or intergranu1ar corrosion in aluminum-
copper and aluminum-zinc-magnesium-copper alloys is gener-
ally considered as being one of electrochemical attack of 
depleted zones adjacent to the grain boundaries, the depleted 
zones being anodic to the material within the grains (13, 
14). Litka and Sprowls (1) have stated that, although the 
usual preferred path tor exfoliation is along grain bounda-
ries, exfoliation has been observed along striations 
within the grains of material essentially tree of inter-
granular corrosion. Because a highly directional grain 
structure is essential for exfoliation, all material sus-
ceptible to intergranular corrosion is not necessarily 
susceptible to exfoliation. Perryman (15) concluded that 
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exfoliation in an aluminum - 7 percent zinc alloy followed 
grain boundaries, that it was not associated with segre-
gation bands in the alloy, and he further suggested that it 
might be produced in part by internal stresses. Liddiard, 
Whittaker and Farmery (16) conducted tests on an aluminum-
copper-magnesium alloy in which they studied the effect of 
externally applied stresses on exfoliation characteristics. 
They concluded that a constant bending stress did not sig-
nificantly affect the rate at which exfoliation occurred. 
Investigators have reported that the pressure exerted by the 
corrosion products which accumulate along the susceptible 
boundaries are an important part of the exfoliation mech-
anism (1, 16). 
c. Effect of Heat Treatment 
1. Size and Distribution of Precipitates 
Solution treating time and temperature, quench rate, 
and aging time and temperature are the most important heat 
treating parameters in determining the size and distribu-
tion of precipitates, and thus properties, in high strength 
aluminum alloys. Generally, higher solution treating temp-
eratures and faster quenching rates result in a greater 
supersaturation of solute and vacancies in the as-quenched 
material and consequently produce an increased response to 
subsequent aging. On aging, it then is possible to obtain 
a finer and more even dispersion of precipitates. When 
quenching rates are not high enough, precipitate particles 
form in grain boundaries during quenching and are present 
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in the as-quenched material. 
Taylor (17) conducted an investigation to determine the 
effect or heat treating parameters on the width of precipi-
tate free zones in an aluminum - 5.5 percent zinc - 2.4 
percent magnesium alloy. The results or his investigation 
showed that: 
1) For a constant solution treating temperature of 4700 
(8?8F), the width of the precipitate free zones increased as 
the aging temperature was raised from 120 to 200C (248 to 
392F). 
2) For a given aging temperature, the width of the pre-
cipitate tree zones decreased as the solution treating 
temperature was increased from 410 to 490C (770 to 914F). 
Embury and Nicholson (9) obtained similar results in 
an extensive investigation into the nucleation of precipi-
tates in an aluminum - 5.9 percent zinc - 2.9 percent mag-
nesium alloy. Additionally, they found thatt 
1) While the width or the precipitate tree zone increased 
with higher aging temperature, it was independent of aging 
time. 
2) For material subsequently aged at 1800 (J56F), oil 
quenching produced a precipitate free zone 1 micron in width 
whereas water quenching produced a zone 0.5 micron in width. 
In proposing a vacancy I solute atom model tor nucleation 
ot precipitates, they suggested that the width of the pre-
cipitate free zone is determined by the vacancy concen-
tration profile at grain boundaries and that such zones are 
denuded not of solute, but of vacancies. They further sug-
gested that the vacancy concentration profile is stabilized 
during the first part of the quench and during the first 
part of the aging treatment when the vacancies are trapped 
in small solute atom I vacancy clusters. Because these 
clusters determine the distribution of precipitates, they 
concluded that the time of natural aging and the rate of 
heating to the artificial aging temperature are important 
when considering the "quench sensitivity" of an alloy. 
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In later work on an aluminum - 5.9 percent zinc - 2.9 
percent magnesium alloy, Lorimer and Nicholson (18) found 
that long holding times at low temperatures after quenching 
gave a fine dispersion of precipitates and a narrow precip-
itate free zone when the material was subsequently aged at 
180C (356F) for 3 hours. As the holding temperature was de-
creased, the rate of refinement also decreased and ceased 
altogether below -soc (-58F). 
2. Corrosion Characteristics 
For high strength aluminum alloys, 1t can generally be 
stated that maximum tensile strength and maximum resistance 
to intergranular corrosion are obtained with the fastest 
possible quenching rate. Dix (19) stated that, during 
quenching, the critical temperature ranges for intergran-
ular corrosion in 2024 and 7075 aluminum alloys were 750 to 
600F and 750 to 550F, respectively. The minimum quenching 
rate required through the 750 to 550F temperature range for 
development of maximum strength in 7XXX series alloys is 
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about lOOOF/seoond and the corresponding minimum quenching 
rate for 2024 aluminum is about 200F/second (20). Ketcham 
and Haynie (21) have shown that in 2024 aluminum, cooling 
rates above 280C/second (536F/second) produce susceptibility 
to pitting attack, cooling rates between 70 and 167C/second 
(158 and 332F/second) produce susceptibility to pitting and 
intergranular corrosion, and cooling rates less than 70F/ 
second produce only susceptibility to intergranular cor-
rosion. Ketcham and Beck (22) quenched 0.064 inch thick 
7075 aluminum in water at 70, 150, and 212F and found that 
when quenched in water at the lower two temperatures, the 
alloy was susceptible to pitting attack in two environ-
ments, while the material quenched in boiling water was 
susceptible to intergranular attack. Ketcham and Beck (23) 
also found that in plate of 7079 aluminum, cooling rates 
through the critical range of greater than 120F/second pro-
duced pitting attack, and cooling rates of less than 
BOF/second resulted in severe intergranular attack. 
Hunter, Frank and Robinson (14) studied the effect of 
aging time at 375F on the corrosion characteristics of 2024 
aluminum. After aging for periods of up to 8 hours, the 
alloy was susceptible to intergranular attack, after 12 hours 
of aging the alloy was prone to both pitting and intergran-
ular attack, and after aging for 16 hours the alloy was 
predominantly prone to pitting attack. Liddiard, Whittaker 
and Farmery (16) found that in an aluminum-copper alloy, 
11 
increased aging time at 180C (J74F) markedly reduced sus-
ceptibility to ex~oliation corrosion. Winifred, Bell and 
Campbell (24) also showed that the extended aging ot an 




A. Test Material 
The test material consisted of commercial ?1?8-0 alum-
inum alloy sheet, 0.125 inches in thickness. The chemical 
composition of the material as determined by atomic absorp-
tion spectrophotometry is shown in Table I. Specimens 
measuring 3.0 x 3.0 inches were sheared from the sheet for 
use in corrosion tests and specimens conforming to the con-
figuration of Figure 1 were machined from the longitudinal 
grain direction of the sheet for determination of tensile 
properties. 
B. Heat Treatment of Specimens 
All specimens were solution heat treated at 8?5F for 
40 minutes and quenched in water at ?SF. The transfer time 
from the salt bath to the quenchant was less than 3 seconds. 
The short transfer time and the temperature of the quenchant 
assured a rapid rate of cooling. 
Eighteen corrosion specimens were utilized to deter-
mine the effect of the quench-to-aging delay period on ex-
foliation characteristics. After solution heat treatment, 
two specimens were naturally aged for each of the following 
periods& 0 hours (leas than 3 minutes), 1 hour, 4 hours, 
8 hours, 24 hours, 3 days, ? days, 14 days and 28 days. The 
specimens then were heat treated for 24 hours at 250F, the 
standard aging treatment for the T6 temper. One specimen 
representing each natural aging period then was overaged at 
TABLE I 
COMPOSITION OF TEST MATERIAL 
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CONFIGURATION OP TENSILE SPECIMEN 
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320P tor 13 hours. 
Twelve groups of specimens, each group consisting of 
four tensile and one corrosion specimen, were utilized to 
investigate the effect or an initial aging cycle at 212F. 
Following solution heat treatment, the specimens were nat-
urally aged tor 1 hour. Two groups of specimens were aged 
at 2SOF for 24 hours to the T6 temper, and one of these 
groups then was overaged at 320F for 13 hours. The remain-
ing ten groups were aged at 212F tor 24 or 48 hours and were 
either left in that condition or were additionally aged. 
The additional aging treatments consisted of heating at 
2SOF for 8, 16 or 24 hours, or of heating at 250F for 24 
hours plus 320F for 13 hours. 
After heat treatment, the corrosion specimens were de-
greased, immersed for 1 minute in an etching solution ot 
SO ml ot nitric acid and 5 ml of hydrofluoric acid per 945 ml 
ot distilled water at 180 to 200P to produce a uniform sur-
face oondition. They then were rinsed in distilled water, 
immersed tor 1 minute in concentrated nitric acid at room 
temperature to remove any copper which may have plated out 
on the specimens, again rinsed in distilled water and dried 
in air. 
c. Test EQuipment and Methods 
Solution treatments were performed in a salt bath which 
was heated in a Hoskins electric pot-type furnace. The salt 
was a mixture or approximately equal parts ot sodium ni-
trate and potassium nitrate. The temperature of the salt 
16 
bath was monitored with a Leeds-Northrup Speedomax pyrometer 
and a chromel-alumel thermocouple sheathed in stainless steel. 
The accuracy of the pyrometer was z lOF. The temperature was 
manually controlled within z 5F with a Powerstat Variable 
Autotransformer. 
Aging at 250F and 320F was carried out in a container 
of Dow Corning 704 silicone oil which was heated with a hot 
plate. The temperature of the aging bath was monitored with 
a copper-constantan thermocouple and a Technique pyrometer. 
The accuracy or the pyrometer was z lF. The temperature was 
controlled automatically with a Marshall-Foxboro Potentio-
meter controller. The controller was calibrated for, and 
used in conjunction with, a copper-constantan thermocouple. 
The bath was maintained within ~ lF or the desired aging 
temperature. The setup employed for aging at 250F and 320F 
is shown in Figure 2. 
Hardness measurements were made with a Wilson Rockwell 
hardness tester, and electrical conductivities were measured 
with a Magnatest PM-100 conductivity meter manufactured 
by Magnaflux Corporation. Conductivity values were recorded 
in percent of the International Annealed Copper Standard 
(percent lACS). 
Tensile tests were conducted in a 60,000 pound capacity 
Baldwin testing machine. The specimens were strained at a 
rate of 0.005 inch/inch/minute to the 0.2 percent offset 
yield and then at 0.035 inch/inch/minute to failure. Load 












































•The corrosion tests were conducted for 28 days in a 
salt spray chamber which was modified to allow sulfur dioxide 
to be admitted into it during tests. The test environment 
consisted of a continuous spray of 5 percent sodium chlor-
ide solution with periodic additions of sulfur dioxide. The 
sulfur dioxide was admitted into the chamber at about 9:00 
A.M. and 3:00 P.M. each day, Monday through Friday, at a flow 
rate of 450 co/minute for 30 minutes. The specimens were in-
clined at an angle of 45 degrees in the chamber. Previous 
tests (25) have shown that the so2-salt spray environment is 
more effective than an acidified salt spray in producing ex-
foliation in susceptible aluminum alloys. The modifications 
made to the salt spray chamber are illustrated in F1~ure 3. 
After completion of the corrosion test, selected speci-
mens were sectioned and prepared for metallographic exa~in­
ation. Etching of the metallographic samples was accomplished 
with Keller's reagent (1~ HF, 1.5% HCl, 2.5% HN03, 95% H20). 
The examination was conducted on a Bausch and Lomb research 
metallograph. 
Samples from material representing four heat treatments 
(212F for 24 hours, 212F for 48 hours, 250F for 24 hours 
and 250F for 24 hours plus 320F for 13 hours) were prepared 
into foils and were examined by transmission electron micro-
scopy. The samples first were alternately chemically 
milled and mechanically polished to obtain a thickness of 
about 0.005 inch. They then were further thinned using a 
FIGURE 3 
MODIFICATIONS ON SALT SPRAY CHAMBER 
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procedure described by O'Neal and Wyatt (26). Essentially, 
this procedure consisted ot punching a 3 mm diameter disc out 
of the thinned material, mounting the disc in a polytetra-
fluoroethylene holder, and polishing it in an electrolyte 
using a constant current source and a platinum cathode. The 
polishing was allowed to proceed until a perforation appeared 
in the foil. The foils were examined on a Model EML-40 
RCA electron microscope. 
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A 1 Beeponee ot Bardgees and Coa§uct1 v1 tz to .lf51ps 
The reeul ta of the harclneaa aa4 oonduot1 v1 tJ' aeaaure-
aenta which were taken on the aater1al duriq the natural 
aa1DS are listed in Table II and natural aa1DS reaponae 
curves are presented in Pigure 4. Upon q1q at rooa t•per-
ature, the electrical cond.uo•t•~tJ' deor•sed. froa 31.2 to 
27.2 percent IACS within 8 )lours, d.eor•eed. to 26.6 percent 
IACS within 3 da7s and ebowed. little reaponae to aciDS there-
after. Bowtn"er, the hardness continued to increase aip1fi• 
oantlJ' over the full 4 week period. 
The hardness and electrical conduotivitJ' of the oor-
roaion speo1aena after coaplet1on of as1DS, and. a d.eaor1P-
t1o!l ot the apeo.1aena 1a preaated. in Table III. l'e1 the 
the har4neaa nor oonduct1 '9'1 t7 were aubatant1allJ' ohaqed bJ' 
V&rJ'1DS the hOld.t!ls t1ae at rooa t•perature betwea the 
quenohill& aDd. artt.t1o1al asUis treataenta. Coapar1ao!l of 
tbe data of the .,l:rat t• s:rOupa ot apeo1aena ( 8peo1aena .ll 
tbroUBh A9 aal. ·Jl1 •teoU8ll Jf)>a)lowa that overac1DS at 320P 
tor 13 houra pad.taoed only • allaht decrease 1n har4neaa 
11lli1•ta•·d8,•S-.t·OOJI6•••-d•l!~l·aa ... act b7 abov.t S per-
,,·,',',,>,'-_,-,' --, _, :' ------- ,",-_,._ - --- - - -:- -- --_ --'-."--.-;. "-- ',,•,- -----. ,. __ , ___ ·-------- --- -
._~._ at 250P art• tai.•I•IJI·.NJ.DS at 212P tor 
••• ·ba4 ·Olllf a a118bt ,rr•t 011 electrical 
----
, •••••.. lll0reaa1D8 •• t9:r:a.- bJ' o. S to 
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TABLE II 
HARDNESS AND ELECTRICAL CONDUCTIVITY 
VERSUS NATURAL AGING PERIOD 
Aging Time Hardness Conductivity 
(RB) (%IACS) 
0 49.5 )1.2 
1 hour 55-5 29.8 
4 hours 69.5 28.0 
8 hours 74.5 27.2 
1 day 79.5 26.8 
3 days 82.5 ?A.6 
1 week 85.0 26.6 
2 weeks 86.0 26.5 
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HARDNESS AND ELECTRICAL CONDUCTIVITY OF CORROSION SPECIMENS 
Specimen Natural Aging Aging Aging Eleo. Average 
Identity Aging Time Time Time Cond. Hardness 
Time at 212F at 250F at 320F (~lACS) (RB) (hours) (hours) (hours) 
A1 0 hr 0 24 0 30.6 96.0 
A2 1 hr 0 24 0 30.7 96.5 
A3 4 hrs 0 24 0 30.7 96.0 
A4 8 hrs 0 24 0 30.6 96.0 
A5 24 hrs 0 24 0 30.6 94.5 
A6 3 days 0 24 0 30.4 95·5 
A7 7 days 0 24 0 30.4 95·5 
A8 14 days 0 24 0 30.6 95.0 
A9 28 days 0 24 0 3o.4 95.0 
Bl 0 hr 0 24 13 35-5 95.0 
B2 1 hr 0 24 13 35.6 94.5 
B3 4 hrs 0 24 13 35.4 95.0 
B4 8 hrs 0 24 13 35.4 94.5 
B5 24 hrs 0 24 13 35.4 94.0 
B6 3 days 0 24 13 35.5 94.0 
B7 7 days 0 24 13 35.2 93.0 
B8 14 days 0 24 13 5~:~ 93·5 B9 28 days 0 24 13 94.0 
Cl 1 hr 0 24 0 30.7 95·5 
C2 1 hr 24 0 0 29.3 94.0 
C3 1 hr 24 8 0 29.8 95·5 
C4 1 hr 24 16 0 30.1 95·5 
C5 1 hr 24 24 0 30.2 96.0 
c6 1 hr 48 0 0 29.4 95·5 
C7 1 hr 48 8 0 29.9 95·5 
C8 1 hr 48 16 0 30.1 96.0 
C9 1 hr 48 24 0 30.3 96.5 
Dl 1 hr 0 24 13 35.2 95.0 
02 1 hr 24 24 13 36.0 94.5 
D3 1 hr 48 24 13 35.5 94.5 
an initial treatment at 212F did not develop as high a con-
ductivity after aging at 250F for 24 hours as did the ma-
terial given the standard T6 heat treatment. 
B. Tensile Tests 
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The results of the tensile tests are listed in Tables 
IV and V. Average tensile properties are presented in Table 
VI and aging curves illustrating the effect of aging time at 
250F on the strength of material previously aged at 212F are 
shown in Figure 5. Aging at 212F for 24 hours produced 
about the same ultimate strength that was obtained with the 
T6 temper, but the yield strength was significantly lower 
(6,200 psi less) than that of the T6 temper. Additional 
aging at 250F resulted in a slight improvement in ultimate 
strength and substantial improvments in yield strength, 
although the yield strength still remained lower than that 
o~ the T6 material after additionally aging at 250F for 24 
hours. 
Aging at 212F for 48 hours gave a yield strength 3,000 
psi lower and an ultimate strength 1,400 psi higher than that 
o~ the T6 material. Additional aging at 250F produced a 
slight improvement in yield strength, but after addition-
ally aging for 24 hours, the yield strength was lower than 
both that of the T6 material and that of the material aged 
at 212F ~or 24 hours plus 250F for 24 hours. Unlike the 
previous case, additional aging at 250F after first aging 
at 212F for 48 hours tended to slightly reduce the ultimate 
strength. It therefore would appear that slight gains can 
26 
TABLE IV 
RESULTS OF TENSILE TESTS 
Aging Time Aging Time Specimen Yield Ultimate Percent 
at 212F at 250F Identity Strength Strength Elonga-
(hours) (hours) (psi) (psi) tion 
elA 81,800 88,600 16.0 
0 24 elB 81,500 88,200 16.0 
Cle 81,700 88,500 15.5 
e10 82.100 88.700 16.0 
C2A 75,600 88,800 16.5 
0 C2B 75,800 89,000 17.0 
e2e 75,400 88,600 17.5 
e20 75.500 88,500 17.0 
C3A 78,100 88,700 16.5 
8 C3B 78,700 89,000 18.0 
C3e 79,200 89,200 17.5 
24 C30 78,900 88,600 17.0 
e4A 79,700 88,900 16.0 
16 C4B 79,700 89,200 17.0 
c4e 79,600 89,300 17.5 
C4D 78,200 89,000 17.0 
e5A 81,200 89,700 18.0 
24 C5B 80,600 89,300 16.0 
esc 81,200 89,300 16.5 
e50 81,100 89.300 16.0 
e6A 78,800 89,800 15.0 
0 e6B 78,600 89,700 17.5 
e6e 78,900 90,000 17.5 
e6o 78,700 89.900 17.5 
e7A 79,500 89,300 17.0 
8 e7B 78,600 88,700 16.5 
e7e 78,700 88,900 15.5 
48 e70 72__._000 8_2~_100 16.5 
eBA 80,400 89,900 17.0 
16 e8B 79,500 89,100 15.5 
esc 79,900 89,500 17.5 
e8D* 
-- -- --
e9A 80,500 89,400 16.0 
24 e9B 80,400 89,100 15.5 
e9c 80,500 89,500 15.5 
e90 80,400 89,300 15.5 
*Specimen lost during machining. 
TABLE V 
RESULTS OF TENSILE TESTS 
Aging Time Aging Time Aging Time Specimen Yield 
at 212F at 250F at 320F Identity Strength 
(hours) (hours) (hours) (psi) 
DlA 80,000 











































AVERAGE TENSILE PROPERTIES 
Aging Time Aging Time Yield Ultimate Percent 
at 212F at 250F Strength Strength Elongation 
(hours) (hours) (psi) (psi) 
0 24 81,800 88,500 16.0 
0 75,600 88,700 17.0 
24 8 78,700 88,900 17.5 
16 79,300 89,100 17.0 
24 81,000 8~400 16.'5 
0 78,800 89,900 17.0 
48 8 79,000 89,000 16.5 
16 79,900 89,500 16.5 
24 80,500 89,300 15.5 
Aging Time Aging Time Aging Time Yield Ultimate Percent 
at 212F at 250F at 320F Strength Strength Elongation (hours) (hours) (hours) (psi) (psi) 
0 24 13 80,000 84,700 13.5 
24 24 13 77,700 82,800 13.0 
48 24 13 78,600 83,600 12.5 
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Aging Time at 250F (hours) 
FIGURE 5 
EFFECT OF AGING TIME AT 250F ON STRENGTH 





be made in ultimate strength by an initial aging treatment 
at 212F, but that with such a treatment, the yield strength 
o~ the T6 material cannot be attained even with supplemental 
aging at 250F for as long as 24 hours. 
Hunsicker (27), in reporting on the work of J. A. Nook, 
Jr., stated that in 7178 aluminum alloy, a minimum period of 
natural aging between quenching and artificial aging produces 
the highest tensile strengths. With increasing periods of 
delay between quenching and artificial aging (to and beyond 
84 days), successively lower ultimate and yield strengths 
are obtained. As shown in Figure 6, preliminary aging at 
212F has a similar effect on yield strength and an opposite 
effect on ultimate strength. 
averaging at 320F for 13 hours had an anomalous effect, 
reducing the ultimate strength of the material initially 
aged at 212F to levels lower than that obtained by over-
aging the T6 material. This effect is illustrated graphic-
ally in Figure 7. It was expected that the material which 
exhibited the highest ultimate strength before overaging 
would also exhibit the highest ultimate strength after over-
aging. 
c. Corrosion Tests 
Photographs of the corrosion specimens after exposure to 
the so2-salt spray environment are shown in Figures 8 through 
15 and photomicrographs of selected corrosion specimens are 
presented in Figures 16 through 21. As is evident in the 
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FIGURE 6 
EFFECT OF PRELIMINARY AGING TIME AT 212F ON STRENGTH 
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FIGURE 7 
EFFECT OF OVERAGING ON YIELD AND ULTIMATE STRENGTh ~ 
N 
SPECIMEN A1 0 HRS AT R.T. SPECIMEN B1 0 HRS AT R.T. 
24 HRS AT 250F 24 HRS AT 250F 
13 H'RS AT 320F 
SPECIMEN A2 1 HR AT R.T. SPECIMEN B2 1 HR AT R.T. 
24 HRS AT 250F 24 HRS AT 250F 
13 HRS AT 320F 
(ACTUAL SIZE) 
FIGURE 8 
PHOTOGRAPHS OF CORROSION SPECIMENS 
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SPECIMEN A3 4 HRS AT R.T. SPECIMEN B3 4 HRS AT R.T. 
24 HRS AT 250F 24 HRS AT 250F 
13 HRS AT 320F 
SPE~IMEN A4 8 HRS AT R.T. SPECIMEN B4 8 HRS AT R.T. 
24 HRS AT 250F 24 HRS AT 250F 
13 HRS AT 320F 
(ACTUAL SIZE) 
FIGURE 9 
PHOTOGRAPHS OF CORROSION SPECIMENS 
34 
SPECIMEN A5 24 HRS AT R.T. SPECIMEN B5 24 HRS AT R.T. 
24 HRS AT 250F 24 HRS AT 2SOF 
13 HRS AT 320F 
SPECIMEN A6 3 DAYS AT R.T. SPECIMEN B6 3 DAYS AT R.T. 
24 HRS AT 250F 24 HRS AT 250F 
13 HRS AT 320F 
(ACTUAL SIZE) 
FIGURE 10 
PHOTOGRAPHS OF CORROSION SPECIMENS 
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36 
SPECIMEN A7 7 DAYS AT R.T. SPECIMEN B7 7 DAYS AT R.T. 
24 HRS AT 250F 24 HRS AT 250F 
13 HRS AT 320F 
1 DAYS AT R.T. 
24 HRS AT 250F 
(ACTUAL SIZE) 
FIGURE 11 
PHOTOGRAPHS OF CORROSION SPECIMENS 
SPECIMEN A9 28 DAYS AT R.T. SPECIMEN B9 28 DAYS AT R.T. 
24 HRS AT 250F 24 HRS AT 250F 
13 HRS AT 320F 
SPECIMEN C1 1 HR AT R.T. SPECIMEN C2 1 HR AT R.T. 
24 HRS AT 250F 24 HRS AT 212F 
(ACTUAL SIZE) 
FIGURE 12 
PHOTOGRAPHS OF CORROSION SPECIMENS 
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SPECIMEN 03 1 HR AT R.T. 
24 HRS AT 212F 
8 HRS AT 250F 
SPECIMEN C5 1 HR AT R.T. 
24 HRS AT 212F 
24 HRS AT 250F 
SPECIMEN C4 1 HR AT q.T. 
24 HRS AT 212F 
16 HRS AT 250F 
SPECIMEN C6 1 HR AT R.T. 
48 HRS AT 212F 
(ACTUAL SIZE) 
FIGURE 13 
PHOTOGRAPHS OF CORROSION SPECIMENS 
38 
SPECIMEN C7 1 HR AT R.T. 
48 HRS AT 212F 
8 HRS AT 250F 
SPECIMEN C9 1 HR AT R.T. 
48 HRS AT 212F 
24 HRS AT 250F 
SPECIMEN C8 1 HR AT R.T. 
48 HRS AT 212F 
16 HRS AT 250F 
SPECIMEN 01 1 HR AT R.T. 
24 HRS AT 250F 
13 HRS AT 320F 
(ACTUAL SIZE) 
FIGURE 14 
PHOTOGRAPHS OF CORROSION SPECIMENS 
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SPECIMEN 02 1 HR AT R.T. 
24 HRS AT 212F 
24 HRS AT 250F 
13 HRS AT )20F 
SPECIMEN D) 1 HR AT R.T. 
48 HRS AT 212F 
24 HRS AT 250F 
13 HRS AT 250F 
(ACTUAL SIZE) 
FIGURE 15 
PHOTOGRAPHS OF CORROSION SPECIMENS 
40 
41 
SPECIMEN A1 100X 
' . 
SPECIMEN B1 100X 
FIGURE 16 
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exposure to the environment, as did the material which was 
aged at 212F for 24 hours (Specimen C2). A slight amount of 
exfoliation was visually observed on the surface of the 
material aged at 212F for 48 hours. Metallographic exam-
ination revealed that pitting was the predominate form of 
corrosion in the other specimens and although some inter-
granular attack was observed in them, it was extremely minor 
in comparison to the severe cases. From these results the 
following observations can be made: 
1) A quench-to-aging delay period of up to 28 days 
does not affect the exfoliation characteristics of 7178 
alloy when it is subsequently aged at 250F for 24 hours. 
2) overaging treatments can reduce the resistance of 
the alloy to exfoliation corrosion. 
3) Underaging at 212F for 24 hours produces a high 
susceptibility to exfoliation corrosion. However, an ad-
ditional heat treatment at 250F for as short a period as 8 
hours will impart resistance to exfoliation. 
The behavior of the averaged material in the S02-salt 
spray environment would suggest that, when evaluating over-
aging treatments, consideration should be given to the 
condition that the material is in before overaging. In this 
investigation, material judged to be resistant to exfoli-
ation before overaging was made susoeptibile to exfoliation 
by overaging. Had the material been overaged at a higher 
temperature or for a longer period of time, an averaged 
condition resistant to exfoliation undoubtedly could have 
48 
been obtained. It would therefore appear that when 7178 
aluminum alloy is quenched at a sufficiently rapid rate, the 
exfoliation characteristics will undergo reversals assoc-
iated with particular stages of the aging process as illus-
trated below: 
underaged (susceptible)~T6 (resistant)~ 
slightly averaged (susceptible)~overaged (resistant) 
It has been shown that averaging at 325F for 13 hours 
can improve the exfoliation corrosion properties of this 
alloy when the alloy is susceptible to exfoliation in the 
T6 temper (28). In such an instance, where the suscept-
ibility presumably is produced by a slow quench rate, the 
exfoliation characteristics would not be subject to re-
peated changes as aging progressed and the material would 
remain susceptible to exfoliation until it had been ade-
quately averaged. It is proposed then, that the condition 
of the as-quenched material, as determined by rapidity of 
quench, governs the minimum averaging treatment required to 
impart exfoliation corrosion resistance to the material. 
That is, slowly quenched material requires a longer over-
aging temperature and/or time than does rapidly quenched 
material to achieve good exfoliation properties in the over-
aged condition. Thus, averaging may not always reduce the 
electrochemical potential between the grain boundary, grain 
body and zones adjacent to the grain boundary, and it may 
increase this potential. It is probably tor this reason that 
averaging treatments have not always been effective in 
improving the corrosion properties of 7178 alloy. 
D. Electron Microscopy 
49 
Results of the electron microscopic examination re-
vealed little of relevance. Transmission electron micro-
graphs of aged 7178 aluminum are shown in Figures 22 through 
28. What appeared to be a precipitate free zone approximately 
0.03 microns wide was observed adjacent to the grain bound-
ar.1es in the. averaged material (Figures 26 and 27). 
FIGURE 22 
ELECTRON MICROGRAPH OF MATERIAL AGED AT 
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An initial aging treatment at 212F apparently affects 
certain factors governing ~ size and distribution of G.P. 
zones upon subsequent aging at higher temperature, probably 
the amount of vacancy and solute supersaturation. This is 
primarily reflected in the fact that with an initial aging 
treatment at 212F, the y.ield strength and electrical con-
ductivity of the T6 material were not obtained even with 
additional aging at 250F. Conceivably, such an initial 
treatment could cause a copious formation of G.P. zones 
below the size needed for peak strength. If, upon ad-
ditional aging at a higher temperature, the zones were suf-
ficiently stable so as not to be subject to reversion, the 
concentration of solute and vacancies in solution would be 
less than that which would be obtained with the omission of 
the 212F aging treatment. Or perhaps a loss of vacancies 
could occur at vacancy sinks during aging at the lower temp-
erature which woul1 retard the vacancy-assisted diffusion 
necessary for growth of the G.P. zones at the higher temp-
erature. In either case the response upon aging at 250F 
would be lower. 
The results of the corrosion tests suggest the possi-
bility of more than one specific mechanism of intergranular 
attack in the exfoliation corrosion of 7178 aluminum alloy. 
It was shown that in material quenched rapidly enough to 
impart resistance to exfoliation attack in the high strength 
58 
temper, either underaging or slightly overaging can cause 
susceptibility to exfoliation, and it is known that slow 
quenching causes susceptibility in the high strength temper. 
It is doubtful that the same electrochemical relationship 
would exist among the grain boundaries, grain bodies and 
regions adjacent to the grain boundaries in all three sus-
oeptibile conditions. Therefore, the specific mechanism of 
intergranular attack during the exfoliation of this alloy 
could possibly vary and be dependent upon the particular 
stage of aging and upon the cooling rate during quenching 
from the solution treating temperature. 
VII CONCLUSIONS 
The results of this investigation indicated that, for 
7178 aluminum alloy: 
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1) A quench-to-aging delay period of up to 28 days does 
not affect exfoliation characteristics when the alloy is sub-
sequently aged at 250F for 24 hours. 
2) Overaging beyond the T6 condition can produce sus-
ceptibility to exfoliation corrosion. 
3) Underaging at 212F for 24 hours produces a high 
susceptibility to exfoliation corrosion. However, an ad-
ditional heat treatment at 250F for as short a period as 
8 hours will impart resistance to exfoliation. 
4) Initial aging treatments at 212F for either 24 or 
48 hours tend to reduce the maximum yield strength obtainable 
by a final heat treatment at 250F. 
These observations are considered to be valid when the alloy 
is quenched rapidly enough from the solution treating temper-
ature so that an exfoliation resistant condition can be ob-
tained by aging at 250F for 24 hours to the T6 temper. With 
a slower quenching rate, other relationships could possibly 
exist. 
It is concluded that rapidly quenching and aging to the 
T6 temper is the most advantageous method of obtaining exfol-
iation resistance in thin sections or 7178 alloy. In thick 
sections, where slow quenching rates are unavoidable, over-
aging treatments may be necessary. 
60 
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